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Landscape Assessment of Soil Erosion and
Nonpoint Source Pollution
IAN D. MOORE and JOHN L. NIEBER

ABSTRACT-The hydrologic processes occurring in the landscape are a manifestation of its topographic
attributes. Spatially variable topographic-based attributes permit the distribution of hydrologic and nonpoint
source pollution processes to be mapped within catchments. They can be derived from Digital Elevation
Models (DEMs) using a variety of Terrain Analysis Methods (TAMs). The relationships between topographic
indices and the spatial distribution of the potential for surface runoff, groundwater recharge, soil erosion, and
evapotranspiration are graphically illustrated.

Many hydrologic and water quality processes active in the
landscape are dependent on landscape position and a variety
of topographic attributes. These attributes include local
slope, aspect, specific drainage area, drainage distance (i.e.,
slope length), and plan and profile curvature ( 1). In
particular, compound topographic-based indices that are
combinations of these primary attributes are capable of
mapping the susceptibility of landscapes to erosion and
nonpoint source pollution by determining zones of high soil
water content in the landscape, areas where water flowing
over the land surface concentrates and disperses, and the
erosive power of the flowing water (2, 3, 4, 5). This paper
describes a number of these simple indices and their physical
significance and demonstrates various methods of presenting
them.

In general, Terrain Analysis Methods (TAMs) fit a surface
to the point elevation data in the DEM, and then use the
mathematical characteristics of the surface to derive a variety
of topographical attributes. Surface fitting methods can be
defined as either local or global, or either patch or point
schemes (8). Examples of three simple local-point TAMs,
which can be used to analyze the three classes ofDEMs listed
above, have been described by Moore et al (5). For the
current study we selected a modified form of the Zevenbergen and Thorne local-point TAM (5, 9) because of its
mathematical simplicity and ease of use. It exactly fits a
surface to a moving 3 x 3 submatrix of node points in the DEM
using the following 9-term polynomial:

Landscape Characterization

where x and y are the coordinates in the horizontal plane and
z is the elevation, respectively, of the nodal points in the 3 x
3 submatrix, relative to those of the node at the centroid of
the submatrix and A through I are fitted coefficients. For the
central node, four primary topographic attributes can be
calculated from the coefficients of the fitted polynomial:

Digital Elevation Models (DEMs) are digital representations of the elevation properties of the landscape at discrete
points in that landscape. Such models have been developed
recently to calculate the distributed topographic attributes of
the landscape for use in cartography, engineering, mining,
land-use planning, and defense (5, 6). Three methods are
commonly used to structure a DEM: (i) Triangulated Irregular
Networks (TINs), which consist of irregularly shaped
triangles connecting three adjacent nodes in the DEM; (ii)
grid-based methods, which may consist of regular spaced
triangular, square or rectangular grids of nodal points, and
(iii) contour-based methods, formed by line-digitizing
contour lines on a topographic map (5). The type ofDEM data
most readily available to potential users are the 30 m squaregrid DEMs being developed by the United States Geological
Survey (7), but individual users with relatively inexpensive
digitizing facilities can easily line-digitize the contour lines
from topographic maps of small catchments. We selected a
square-grid DEM for this paper because it is the form of DEM
most readily available to users.
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z = Ax2 y2 + Bx2 y + Cxy2 + Dx2 + Ey2 + Fxy + Gx +Hy+ I (1)

V

Local slope (degrees)= f3 = arctan [
G2 + H2 ]
Aspect (degrees clockwise from north)= '1' =
180 - arctan(H/G) + 90 (GIGI)
Profile curvature= '1' = -2 (DG2+ EH2 + FGH)/ (G2 + H2 )
Plan curvature= w = 2 (DH 2 + EG2- FGH)/(G2 + H2 )

(2)
(3)
(4)

(5)

The plan area characterized by each node is X, where A is
the grid-spacing. The specific catchment area, A5 , which is
defined as the total upslope contributing area per unit width
normal to the flow direction (= AT/A) (10), and drainage
distance at a node are calculated by knowing the number of
upslope nodes that drain to it. This calculation assumes that
water flows from a given node to one of eight possible
neighboring nodes, based on the direction of steepest
descent (9).
Panuska and Moore (11) have demonstrated that some
topographic attributes such as specific catchment area and
flow path length are somewhat sensitive to the size of the
DEM used to estimate them. This is similar to the problems
that have long faced geographers that variables derived from
Journal of the Minnesota Academy of Science

mapped data are sensitive to the scale of the map. Developments in the mathematics of fractal geometry may soon
provide a method to account for these differences.

Study Area
The 9.93 ha study area consists of two small adjacent catchments on the property of Mr. Donald Sinn, located near St.
Charles in Olmsted County, Minnesota ( 43°55'N, 92°5'E). An
isometric plot of the 10 m x 10 m DEM for the study area is
presented in Figure 1. The 3.21 ha Corn-Soybean (CS)
catchment is in a two-year corn-soybean rotation while the
6.72 ha Conservation Reserve Program (CRP) catchment,
which was formerly in a two-year corn-soybean rotation, is
now in grass (80% Alfalfa, 20% Brome Grass) after being
placed in the Conservation Reserve Program in 1987. The
soils on the lower half of the CRP catchment are Rockton
loams, which are fine-loamy, mixed, mesic Typic Argiudolls
with moderate hydraulic conductivities and water holding
capacities and erodibilities (K factor in the universal soil loss
equation) ofabout 0.63 Mg.h N- 1ha- 1. Those on the upper half
of the catchment are Mt. Carroll silt loams, which are
fine-silty, mixed, mesic Mollie Hapludalfs with moderate
hydraulic conductivities, high water holding capacities, and
erodibilities of about 0.72 Mg.h N- 1ha- 1. The CS catchment
consists of about 40% Rockton loam, 20% Mt. Carroll silt loam,

cs

Figure 1. Isometric plot of the 10m x 10m DEM of the study area
showing the Com-Soybean (CS) and Conservation Reserve Program
(CRP) catchments. View is from 200° clockwise from north, at a 30°
altitude angle, and the total relief is 26m.
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20% Port Byron silt loam and 20% Frankville silt loam. The
Port Byron silt loams are fine-silty, mixed, mesic Typic
Haplodolls with moderate hydraulic conductivities, high
water holding capacities, and erodibilities of about 0.72
Mg.h N- 1ha- 1. The Frankville silt loams are fine-silty mixed
mesic Mollie Hapludalfs with moderate hydraulic co~ductiv'.
ities and water holding capacities and erodibilities of about
0.72 Mg.h N- 1ha- 1 (12). The soils of the study area have an
allowable soil loss or "T" value of9 Mg.h N- 1ha- 1 (12).
A 10m x 10m DEM was developed for the catchments by
line-digitizing a 0.61 m (2 ft) contour interval topographic
map of the area, fitting a three-dimensional interpolating
surface to the contour-based elevation data by Hutchinson's
Laplacian smoothing spline method (13, 14), and then
interpolating from this surface onto a 10 m grid. The rootmean-square error in fitting the interpolating surface was 0.02
m.

Topographic Indices of Soil Erosion and Nonpoint Source Pollution
Slope
Land capability classification is a method of integrated
resource survey that describes the limitations that restrict land
use of individual land facets ( 15). In most land capability
classification systems, slope is a dominant factor in the
classification of the land unit, although other factors such as
soil properties are important. For example, the USDA-Soil
Conservation Service classifies land in Minnesota as either
Class I, II, III, or N based on slopes of 0-2, 2-6, 6-12, and 1218 percent, respectively. Class I land has few limitations for
intensive cultivation. Classes II to N have moderate to severe
limitations that reduce the choice of plants and/or require
varying degrees of conservation practices (16). Hence slope
has a major impact on the potential for land resource
degradation. Slope class maps for individual fields, catchments, or drainage basins can be quickly, and efficiently
developed from TAMs that use DEMs as their data source, and
this slope information can be presented in a variety of
formats.
Computed slopes of the study catchments are presented as
shaded slope class intervals superimposed on an isometric
plot of the catchments in Figure 2a, and as frequency
distributions in Figure 2b. Figure 2a is useful in delineating
the boundaries between landscape units defined on the basis
of land capability classes. Figure 2b is a simple method of
quantitatively comparing the slope characteristics of catchments and allows the fraction of land area in different slope
classes to be easily determined. For example, 81 percent of
the CS catchment consists of Class I and II land, whereas only
30 percent of the CRP catchment consists of Class I and II land.
Indices of Nonpoint Source Pollution
Given favorable geologic conditions, groundwater
recharge is likely to occur at locations in the landscape where
soil water content is highest. Similarly, the potential for
surface runoff generation is greatest where the soil water
content is highest. Therefore, the potential of different parts
of the landscape for degradation by nonpoint source
pollution by leaching of nitrate and pesticides from the soil
profile to groundwater or transport of phosphate, nitrate, and
pesticides at the soil surface by overland flow is correlated
with patterns of soil water content distribution in the
landscape.
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A wetness index, cur, can be derived by simplifying Beven's
terrain-based saturation deficit concept (17) and can be
expressed in a form that depends on soil and topographic
characteristics, but is independent of the infiltration rate,
deep percolation rate, and evapotranspiration rate. The
wetness index is a measure of the variation of soil water
content across a catchment:

(6)
In this equation As and /3 are topographic attributes and f is
the soil profile transmissivity ( depth integrated hydraulic
conductivity). If soil property data are not available, then a
first estimate of the spatial patterns of soil water content can
be determined by assuming uniform soil properties (i.e.,
assuming f is constant throughout the landscape and equal
to unity) and examining the variation in the values of the
wetness index w = ln(Ajtan/3) (2, 3).
Figure 3a and 3b present the computed ln(Ajtan/3) values
for the study site. The CS catchment is spatially wetter on
average than the CRP catchment; median values of w are 7 .0
and 6.5, respectively. The CS catchment has only about 14
percent of its area with w < 6.0, while the CRP catchment has
33 percent of its area with w < 6.0. As expected, the wettest
parts of the catchments are along the main drainageways, but
as Figure 3a shows, the soil water content decreases more
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rapidly with distance from the drainageways on the CRP
catchment than on the CS catchment. Because significant
percolation of soil water to groundwater occurs only when
the soil water content exceeds field capacity, a threshold
concept could be used to relate the potential for groundwater
recharge and nonpoint source pollution to w. For example,
on the study catchments values of w > 8.0 might identify
groundwater recharge sites, in which case only about 14
percent of both catchments would have the potential for
conveying polluted water to the groundwater system. Work
is continuing to quantify these threshold values.
Surface runoff occurs via overland flow from zones where
the soil is saturated and from zones where the rainfall
intensity exceeds the infiltration capacity of the soil. Runoff
from saturated zones is a threshold process, and the areas
producing saturation flow can be identified using a threshold
wetness index ( either w or cur, depending the availability of
soil property data) (3, 17, 18). In areas where runoff occurs
due to exceedance of the soil infiltration capacity by the
rainfall intensity, the appropriate threshold values of wand cur
for identifying where overland flow occurs in the landscape
vary with rainfall intensity and duration.
Soil Erosion

The physical potential for sheet and rill erosion in upland
catchments can be evaluated by the product RKI.5, a component of the Universal Soil Loss Equation (USLE), where R is
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Figure 2a. Distribution of computed slope classes, /3, in percent
superimposed on the isometric plot shown in Figure 1.
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Figure 2b. Computed slope, /3, expressed as an areally weighted
frequency distribution. Also shown are the slope classes for land
capability Classes I to N.
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the rainfall and runoff erosivity factor, K is a soil erodibility
factor, Lis a slope-length factor, and S is a slope steepness
factor ( 19). The LS factor accounts for the effect of topography
on erosion. To predict erosion at a point in the landscape (as
opposed to prediction of average erosion over an area), LS
can be written as:
{_ As ~n {_ sin/3 ~m
LS = ln \_ 22.13 } \_ 0.0896}

(7)

where As is the specific catchment area (defined as: upslope
contributing area per unit width normal to the flow direction,
with units of meters), /3 is the slope-gradient in degrees, n =
0.4, and m = 1.3. The standardized slope-gradients and slopelengths for USIE calculations are 9° [sin(9°) = 0.0896), and
22.13 m, respectively [20). Equation (7) was derived
theoretically from unit stream power theory by Moore and
Burch (20) and is more amenable to calculations in landscapes with complex topographies than the original empirical equation because it explicitly accounts for flow convergence and divergence through the A5 term in the equation.
The erosion potential, RKLS, can be normalized by dividing
it by the allowable soil loss, T. According to Arnold (21), use
of RKLS/T, the erodibility index, "carries with it a subjective
notion of the importance of soil loss in changing the soil
environment and reducing long-term crop production." He

also states that, "a classification based on RKLS/T appears to
be a reasonable compromise and one that is feasible to
implement at the field level."
Values of RKLS/T were calculated for the study area. The
annual rainfall and runoff erosivity factor, R, is constant for the
entire area and equal to 260 N h- 1. The values ofTandKvary,
depending on soil type, as indicated above, although the T
values for all the soils of the study area were the same (9 Mg.h
N- 1ha- 1). we numerically overlaid the soils map (14) over the
square-grid DEM and assigned a K value to each grid-point,
based on the soil type at that grid-point. The computed values
of RKLS/T are presented in Figures 4a and 4b.
Under the conservation provisions of Public Law 99-188,
the Food Security Act of 1985, the USDA Soil Conservation
Service is required to identify highly erodible land. Landowners with highly erodible land are able to bid this land into
the Conservation Reserve Program, which takes the land out
of crop production for a 10-year period. If highly erodible
land were planted to an agricultural commodity during any
of the crop years from 1981-1985, landowners must develop
a conservation plan by 1990 and implement it by 1995 to
maintain eligibility for certain Federal Government benefits
(22). Highly erodible land is, in part, defined as land with an
erodibility index of 8 or more.
It is interesting to contrast the predicted erodibility indices
for the two study catchments because the CRP catchment was
classified as being highly erodible by the USDA Soil Conser-
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percent and 14 percent of the CS and CRP catchments,
respectively, have values of r > 18. The wetness and stream
power indices have been used together to predict the
locations where ephemeral gullies form in the landscape. On
a bare cultivated yellow solodic soil in Australia ephemeral
gullies formed where w>6.8 and r>18 (2) and on a small
catchment on the Caribbean island of Antigua they formed
where w>8.3 and r>18 (23). Threshold values of the indices
differ because of differences in_ soil properties. The stream
power index could be used, for example, to identify places
where soil conservation measures (e.g., grassed waterways)
that reduce the erosive effects of concentrated surface runoff,
should be installed.
Maps such as the slope map of Figure 2a and the erodibility
index map of Figure 4a, permit micro-targeting of areas
requiring conservation, or intensive management using a
minimum of on-site inspection and data evaluation. In
particular, the maps demonstrate that relatively simple
computer-based methods of terrain analysis in conjunction
with digital elevation and soil data bases, which are now
available for many counties in Minnesota, provide rapid,
efficient methods oflandscape erosion assessment and could
be easily adopted by state and federal resource agencies now.

vation Service and was bid into the Conservation Reserve
Program in 1987. Figure 4b shows that about 73 percent and
91 percent of the CS and CRP catchments, respectively, have
RKLS/T>8. The median values of RKLS/T, on an area
weighted basis, for the CS and CRP catchments are 13.8 and
28, respectively. Therefore, both catchments would have
been eligible to be bid into the Conservation Reserve
Program based on the RKLS/T>8 criterion, although the
erosion potential of the CRP catchment is much higher than
the CS catchment. On the CRP catchment, areas that have low
or moderate erosion susceptibility (RKLS/T<8) are located
only along the catchment boundary (Figure 4a). Figure 4a
shows that very highly erodible land (RKLS/T>40) in both
catchments is located along the major drainage ways.
One useful measure of the energy available for surface
runoff to erode soil and transport contaminants is stream
power, which is the rate of expenditure of potential energy
by the flowing water (discharge x slope). Because As is a
measure of discharge, the following topographically-based
stream power index, r, can be defined.
T

(8)

=As tan~

The predicted variation of stream power index over the
catchments is presented in Figures 5a and 5b. Values of r are
very high along the drainageways and decline very rapidly
away from them (Figure 5a). The median values of rare 1.6
and 3.2 for the CS and CRP catchments, respectively. About 6
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Solar Radiation
The energy input to a catchment from solar radiation has
a major impact on the hydrology of a catchment because of
its dominance in the processes of evapotranspiration,
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Figure 4b. Computed erodibility index, RKI.S/T, expressed as an
areally weighted frequency distribution. Highly erodible land is
defined as land with RKI.S/T> 8.
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snowmelt, and photosynthesis. Energy input affects the
distribution of soil water, snowmelt, biomass, and the
composition and distribution of vegetative species on
catchments. Therefore, solar radiation indirectly influences
soil erosion and nonpoint source pollution via its impact on
the water balance and vegetal growth.
The potential daily solar radiation, H, neglecting atmospheric and surface effects, is a function of local slope, /3;
aspect or azimuth, if,; solar declination, o; terrestrial latitude,
</); the ratio of the earth-sun distance to its mean, r; the solar
constant ( 4.87 1 ivum- 2h- 1); and the angular velocity of the
earth (11/12 radians h- 1) (3). On a given small catchment</)
is constant and ovaries in a predictable manner from 23.5°
at the summer solstice to -23.5° at the winter solstice, so that
the topographic attributes /3 and if, become the only parameters that vary across the catchment. The computed values of
H can be normalized by the equivalent solar radiation on a
horizontal surface, Hh, to yield a radiation ratio H/Hh. These
daily values can then be integrated to give radiation ratio
values for any time period: either growing season or annual
values.
Computed annual solar radiation ratios for the study area
are presented in Figures 6a and 6b. The narrow range of H/
Hh (between 0.90 and 1.04) reflect the small relief of these
catchments. The ratio varied from less than 0.25 to greater
than 1.2 in rugged catchments (3). Figure 6b shows that the
median annual radiation ratios for the CS and CRP catchments

are 0.97 and 1.00, respectively, which is consistent with the
CS catchment having a northerly aspect and the CRP catchment having a westerly aspect. In both catchments the major
drainageway divides the catchments into zones where
H/Hh<l.00 and H/Hh>l.00, indicating that the parts of the
catchment on either side of the drainageway could have
different hydrologic and crop growth responses, and therefore different susceptibilities to environmental degradation.
Moore et al. (3) demonstrated that the radiation ratio and
wetness index could be used to characterize eucalypt species
distribution in a forested catchment in southeastern Australia.
Similar studies are underway to relate these indices to com
and soybean yield in southern Minnesota and tree species
distribution and biomass accumulation in forested catchments in northern Minnesota.

Conclusion
Several hydrological, erosional, and nonpoint source
pollution processes active in the landscape were shown to be
physically related to a variety of topographically-based
indices. These indices include local slope, /3, wetness index,
w = ln(Ajtan/3), erodibility index, RKLS/T, stream power
index, w = Astan/3, and radiation ratio, H/Hh. These indices are
easily computed from Digital Elevation Models, DEMs, using
a variety of Terrain Analysis Methods, TAMs, of which localpoint methods are the simplest and easiest to use. The United
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States Geological Survey is currently developing 30 m square
grid DEMs for selected parts of the United States. When DEMs
become widely available, the methods of landscape analysis
described in this manuscript can be used to assess and classify
landscapes and areas within them for degradation by erosion
and other forms of nonpoint source pollution.
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